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ABSTRACT: We report a ﬁrst-principles systematic study of
atomic, electronic, and magnetic properties of hydrogen-saturated
silicon nanowires (H-SiNW) that are heavily doped by transition
metal (TM) atoms placed at various interstitial and substitutional
sites. Our results obtained within the conventional GGA+U
approach have been conﬁrmed using a hybrid functional. To reveal
the surface eﬀects, we examined three diﬀerent possible facets of H-
SiNW along the [001] direction with a diameter of ∼2 nm. The
energetics of doping and resulting electronic and magnetic
properties are examined for all alternative conﬁgurations. We found that except Ti, the resulting systems have a magnetic
ground state with a varying magnetic moment. Whereas H-SiNWs are initially nonmagnetic semiconductor, they generally
become ferromagnetic metal upon TM doping. They can even exhibit half-metallic behavior for speciﬁc cases. Our results suggest
that H-SiNWs functionalized by TM impurities form a new type of dilute magnetic semiconductor potentially attractive for new
electronic and spintronic devices on the nanoscale.
■ INTRODUCTION
Among the research for building blocks in nanodevices, silicon
nanowires (SiNWs) are attracting increasing interest due to
their remarkable physical, electronic, thermal, and chemical
properties.1−7 Currently, rodlike, oxidation-resistant SiNWs can
be fabricated with a diameter down to 1 nm, where quantum
conﬁnement eﬀects are also observable.5,8 The compatibility
with current silicon-based technology9,10 makes SiNWs even
more attractive, and they can enter various device applications
such as ﬁeld eﬀect transistors,11 light-emitting diodes,12 lasers,13
nanosensors,14 and so on. The advances in synthesis will
possibly increase the number of potential applications in
various other ﬁelds.
At the theoretical level, bare and hydrogen-saturated silicon
nanowires (H-SiNWs) have been extensively analyzed by using
ﬁrst-principles calculations.15−21 It is shown that whereas bare
SiNWs are in general metallic, they become semiconductor
(insulator) when saturated with hydrogen.15,20,21 The electronic
band gap can be engineered by varying diameter, growth
direction, and cross section due to the quantum conﬁnement
eﬀects.8,15 More recently, superlattice structures leading to
conﬁned states induced by diameter-modulated SiNWs22 and
merged Si and Ge nanowires23 have been predicted.
Furthermore, growing research interest has also been
devoted to functionalization of SiNWs with various dopants
to study the chemical and biological sensitivities.14,24,25 The n-
and p-doped H-SiNW can provide excess carriers required in
device applications like diodes and transistors.26−28 Recently,
Wu et al.29 have reported the room-temperature magnetism of
Mn-implanted SiNWs, which opens the ﬁeld to spintronic
applications through transition-metal (TM) doping. Theoret-
ically, Mn impurities in [111] SiNWs30 and also external
adsorption of various TM atoms on H-SiNWs are reported.20,21
In this article, we present an extensive ﬁrst-principles study
on hydrogen-saturated silicon nanowires that are heavily doped
by transition metal atoms (Ti, V, Cr, Mn, Fe, and Co) placed at
various interstitial and substitutional sites aiming to obtain a
new type of dilute magnetic semiconductor that would lead to
new electronic and spintronic devices on the nanoscale. The
energetics of doping and resulting electronic and magnetic
properties are examined for all alternative conﬁgurations. To
reveal surface eﬀects, three diﬀerent facets along the [001]
direction are considered. The magnetic ground state is
determined by considering nonmagnetic, ferromagnetic, and
antiferromagnetic conﬁgurations. We also considered calcu-
lations by using a new type of hybrid functionals, which in turn
are compared with the results obtained by GGA+U.
Received: April 2, 2012
Revised: June 18, 2012
Published: July 12, 2012
Article
pubs.acs.org/JPCC
© 2012 American Chemical Society 15713 dx.doi.org/10.1021/jp303142u | J. Phys. Chem. C 2012, 116, 15713−15722
■ METHODOLOGY
We have performed ﬁrst-principles plane wave calculations
within density functional theory (DFT)31 implemented in VASP
code.32 All calculations for nonmagnetic, ferromagnetic, and
antiferromagnetic states are carried out by using the projector-
augmented wave (PAW) potentials.33,34 The exchange
correlation potential has been approximated by generalized
gradient approximation (GGA).35
To model our silicon nanowires, we have used a supercell
approach, including a 10 Å vacuum space between wire replica
along the two directions perpendicular to the wire axis. For
doped nanowires, the impurity TM atom is periodically
repeated along the [001] direction corresponding to the wire
axis. In most calculations, one TM atom is introduced per basic
wire unit, corresponding to a ﬁxed dopant concentration of 1.5
to 2% (depending on the facet) and a distance between
consecutive impurities of 5.4 Å. In a later section, we further
discuss the dependency in terms of dopant concentration and
size.
In the self-consistent potential and total energy calculations,
the Brillouin zone of supercell is sampled in the k-space within
the Monkhorst−Pack scheme36 by (1 × 1 × 15) mesh points. A
plane-wave basis set with a kinetic energy of 500 eV has been
used. All atomic positions and lattice constants along the wire
axis are optimized by using the conjugate gradient method,
where total energy and atomic forces are minimized. The
convergence in energy is chosen as 10−5 eV between two ionic
steps, and the maximum force allowed on each atom is 0.01
eV/Å.
To validate our conclusions, some additional calculations
have also been performed using the GGA+U approach of
Dudarev,37 the HSE hybrid functional,38 and the so-called B1-
WC hybrid functional,39 which mixes 16% of Hartree−Fock
exchange with Wu-Cohen GGA40 within B1 scheme.41 The B1-
WC hybrid functional calculations have been performed using
the linear combination of atomic orbitals method, as
implemented in the CRYSTAL code.42 The B1-WC hybrid
functional used in this work was previously developed,39 and
it was tested for H-SiNWs.43 We used localized Gaussian-type
basis sets including polarization orbitals and considered all the
electrons for Si,44 H,45 Cr,46 and Fe.47 The Brillouin zone
integrations were performed using a 1 × 1 × 15 mesh of k
points, and a secondary 2 × 2 × 30 Gilat k-mesh was used in
the calculation of Fermi energy and density matrix. The self-
consistent-ﬁeld calculations were converged until the energy
changes between interactions were smaller than 10−8 Hartree
using a Fermi smearing of 0.00032 hartree (∼100 K). An extra-
large predeﬁned pruned grid consisting of 75 radial points and
974 angular points was used for the numerical integration of
charge density. The level of accuracy in evaluating the Coulomb
and exchange series is controlled by ﬁve parameters:42 the
values used in our calculations are 7, 7, 7, 7, and 14. The B1-
WC calculations have been performed for the GGA-optimized
structures obtained with the VASP code.
■ HYDROGEN-SATURATED SILICON NANOWIRES
Before considering interstitial TM doping, we studied structural
and electronic properties of prototype bare [SiNW(N)] and
hydrogen-saturated [H-SiNW(N)] silicon nanowires for N =
45, 57, and 61, where N is the number of silicon atoms in the
unit cell of nanowires (Figure 1). These H-SiNWs correspond
to three possible facets along the [001] direction, and their
diameter changes between 1.5 and 2.1 nm.48 As already
discussed in the Introduction, H-SiNWs as small as 1 nm have
been fabricated,8 and at such small sizes edge eﬀects become
more important.48,49
The initial atomic positions of SiNWs are taken from silicon
bulk crystal. Depending on the cross-section, three alternative
facets are possible along [001] direction. Upon ionic relaxation
by minimizing both the total energy and forces on the atoms,
the ground-state conﬁgurations are obtained. The cohesive
energy (EC) of the SiNWs is calculated by the deﬁnition EC =
ET[Si] − ET[SiNW(N)/N], where ET[Si] and ET[SiNW(N)]
are the total energies of free silicon atom and SiNW(N),
respectively. EC is calculated to be 4.91, 4.97, and 4.99 eV for N
= 45, 57, and 61, respectively. Interestingly, SiNW(61), which
has sharp corners, has the highest EC, which is in agreement
with the results of Cao and coworkers.48 Clearly, the presence
of edges has a profound eﬀect on the surface reconstruction of
SiNW and thereby its electronic structure and stability.48,49
Accordingly, whereas thick SiNWs prefer cylindrical or prism
shape with a core that preserves diamond structure, the cross
section with sharp corners becomes more favorable for very
thin nanowires.48
As a next step, we saturate the dangling bonds of silicon
atoms on the surface with hydrogen8,20 and fully relax the
structure. It is observed that while SiNWs are all metallic due to
the surface states, they become semiconductors upon hydrogen
saturation as shown in Figure 2. The band gap (EG) tends to
decrease from N = 45 (EG = 1.79 eV) to N = 61 (EG = 1.16 eV)
due to an increase in diameter (despite the cross sections are
diﬀerent). This is consistent with predicted quantum conﬁne-
ment eﬀects.
It is well known that whereas calculations based on DFT
typically yield very accurate structural properties for silicon and
other semiconductors the standard approximations (LDA or
GGA) lead to a signiﬁcant underestimation of the electronic
band gaps due to intrinsic failure in handling self-interactions.50
Accordingly, we recalculated the band gaps by using B1-WC
hybrid functional,39 the details of which are given in the
Methodology section. We noticed that the band structure
proﬁles that are obtained by GGA and B1-WC are very similar,
and the correction mainly results in a rigid shift of conduction
and valence bands corresponding to a signiﬁcant increase in the
band gap. Using the B1-WC functional, the EG values are 2.53,
Figure 1. Top and side view of hydrogen-saturated silicon nanowires
along the [001] direction with diﬀerent facets for N = 45, 57, and 61,
where N corresponds to the number of silicon atoms in the unitcell of
nanowire.
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2.38, and 1.81 eV for N = 45, 57, and 61, respectively, as shown
in Figure 2. For comparison, we also calculated EG values with
the HSE hybrid functional38,51,52 that provides values (2.63,
2.47, and 1.94 eV for N = 45, 57, and 61, respectively) very
close to the B1-WC results. Both hybrid functionals yield values
in good agreement with the experimentally available data8 and
theoretical GW corrected results15 for H-SiNWs within the
same diameter range.43
■ INTERSTITIAL TRANSITION-METAL DOPING
Previously, we showed that TM atoms can strongly bind to H-
SiNW(N) surfaces without deforming the nanowire struc-
ture.20,21 Because the doping occurs at high temperatures, there
is a strong possibility that TM atom can also diﬀuse to interior
regions. Accordingly, we extend our previous analysis and
consider various possible interstitial sites for six TM atoms (Ti,
V, Cr, Mn, Fe, and Co) and analyze energetics, structural,
electronic, and magnetic properties of TM-doped H-SiNWs,
labeled as H-SiNW(N)+TM(s), where TM is the type of
transition-metal atom and s is the interstitial doping site, as
shown in Figure 3. As discussed in the Methodology section,
we consider a supercell corresponding to a ﬁx dopant
concentration associated to a distance between consecutive
impurities of 5.4 Å. The obtained results, namely, bond
distances (dSi−TM), binding energies (Eb), magnetic moments
(μ), and the diﬀerences (ΔE) between the total energies of
spin-unpolarized (su) and spin-polarized (sp) states are
summarized in Tables 1 and 2.
Structure and Energetics. As a ﬁrst step, we consider
diﬀerent positions from subsurface to core regions at which TM
atoms can settle. The projection of these sites are shown in
Figure 3. This corresponds to one impurity atom for six layers
of H-SiNW (Figure 1). For each site, there are two possible
geometries for TM doping: the center of a cage, where TM
atom is surrounded by ten silicon atoms, and the center of
hexagon, where TM atom is in the middle of six silicon atoms,
forming an almost planar geometry, as shown in Figure 3. For
all cases, the cage geometry yields stronger Eb due to an
increase in coordination number of TM atom. For most of the
cases, the hexagon geometry is not stable, and the TM atom
moves to the center of the silicon cage. Accordingly, we label
the results corresponding to hexagon geometry with “*” and
otherwise mention that the discussions are for TM atoms that
are bound in cage geometry.
TM atoms can settle inside H-SiNW(N) without deforming
the wire structure for core sites (s = 3−5), and no structural
diﬀerence is observed for diﬀerent facets (Figure 3). Edge
eﬀects become more important for subsurface sites. Whereas no
signiﬁcant structural modiﬁcation is observed for the H-
SiNW(61)+TM system, the Si−Si bond is broken upon TM
impurity for H-SiNW(45)+TM(1) and H-SiNW(57)+TM(1),
as shown in Figure 3. The minimum and maximum dSi−TM
ranges between 2.2 and 2.9 Å (generally 2.4 to 2.8 Å) are
summarized in Tables 1 and 2 for subsurface and core sites,
respectively.
On the one hand, the comparison of ET indicates that the
bond-breaking at site (1) for H-SiNW(45) and H-SiNW(57)
results in an increase in ET and makes it less favorable than
other possible subsurface sites (s = 2) where there is no
deformation. On the other hand, for the case of H-SiNW(61),
site (1), which is inside a sharp corner (edge), is the lowest
energy conﬁguration. For core sites, ET values slightly vary
while moving from subsurface to the center (3→5), and the
inﬂuence of surface becomes less signiﬁcant.
We calculate the binding energy (Eb) of TM atoms for
diﬀerent sites by using the expression
= ‐ + − ‐
+
E N NE [H SiNW( )] E [TM] E [H SiNW( )
TM]
b T T T
(1)
in terms of the total energy of optimized H-SiNW(N) and H-
SiNW(N)+TM and the total energy of the string of TM atoms
having the same lattice parameter as H-SiNW(N)+TM, all
calculated in the same supercell. Interestingly, the variation of
Eb with the type of TM atoms follows the Friedel model
53 for
both diﬀerent sites and facets (Figure 4).54,55 Accordingly, the
lowest Eb is obtained for Cr and Mn, and the highest Eb is
obtained for Co and Ti, depending on the number of ﬁlled d
states. When diﬀerent facets are compared, Eb for N = 61 is
higher than N = 57 and 45 for subsurfaces sites, and there is no
signiﬁcant variation noticed for core sites. When doping sites
are examined, interestingly, the highest Eb is obtained at sites
(5), (2), and (1) for H-SiNW(45), H-SiNW(57), and H-
SiNW(61), respectively. The results point out that the
Figure 2. Band structures of hydrogen-saturated silicon nanowires
along the [001] direction for N = 45,57, and 61. The electronic energy
band structures and the gaps (EG) are calculated using GGA. The
values given in parentheses are obtained using B1-WC calculations.
Figure 3. (a) Possible interstitial adsorption sites of transition-metal
(red spheres) atoms labeled 1−5 in H-SiNW(N) for N = 45, 57, and
61 and (b) two alternative doping geometries.
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structural properties as well as the energetics depend on both
the type of TM and the cross section due to surface eﬀects.
Magnetic Properties. The total energies (ET) for the
considered systems are obtained from both sp and su states,
and the energy diﬀerence (ΔE = ETsu − ETsp) is used to determine
the lowest energy conﬁguration. According to this deﬁnition,
the sp state is the lowest energy conﬁguration when ΔE > 0. As
shown in Tables 1 and 2, except for Ti, the lowest energy
conﬁguration is obtained for sp state. Additionally, we also
compared the ET values in ferromagnetic and antiferromagnetic
states and conﬁrmed that the ground state is ferromagnetic,
except Ti, which yields paramagnetic ground state. The
Table 1. Bond Distances, Binding Energy, Magnetic Moment Per Cell, and Total Energy Diﬀerence of Polarized and
Unpolarized States for Subsurface (s = 1 and 2) Sites
N = 45 N = 57 N = 61
s dSi−TM (Å) Eb (eV) μ (μb) ΔE (eV) dSi−TM (Å) Eb (eV) μ (μb) ΔE (eV) dSi−TM (Å) Eb (eV) μ (μb) ΔE (eV)
Ti 1 2.38−2.85 3.42 0.00 0.00 2.38−2.86 3.59 0.00 0.00 2.47−2.98 4.34 0.00 0.00
2 2.43−2.84 3.59 0.00 0.00 2.45−2.80 3.92 0.00 0.00 2.42−2.85 4.35 0.00 0.00
V 1 2.34−2.77 2.96 1.01 0.02 2.34−2.78 3.07 0.83 0.02 2.45−2.83 3.82 2.97 0.02
2 2.42−2.78 3.09 1.21 0.02 2.39−2.75 3.38 1.01 0.01 2.39−2.78 3.39 1.39 0.02
Cr 1 2.29−2.73 1.42 3.75 0.09 2.31−2.97 1.72 3.17 0.21 2.42−2.80 2.46 2.94 0.46
2 2.45−2.75 1.54 3.72 0.20 2.43−2.73 1.87 3.51 0.26 2.41−2.81 1.89 3.46 0.27
Mn 1 2.27−2.77 1.75 2.53 0.05 2.27−2.86 1.89 2.44 0.10 2.40−2.77 2.66 2.39 0.42
2 2.42−2.77 1.93 3.00 0.35 2.41−2.75 2.21 3.00 0.42 2.39−2.81 2.22 3.00 0.39
Fe 1 2.23−2.74 3.18 1.55 0.19 2.22−2.85 3.28 1.46 0.19 2.35−2.74 3.83 1.39 0.35
2 2.39−2.73 3.26 2.00 0.35 2.37−2.73 3.45 2.00 0.31 2.36−2.81 3.44 2.00 0.28
Co 1 2.17−3.01 3.94 0.00 0.00 2.19−2.97 4.16 0.00 0.00 2.30−2.96 4.76 0.00 0.00
2 2.39−2.70 3.80 1.00 0.08 2.37−2.77 3.99 1.00 0.03 2.37−2.89 4.02 1.00 0.02
Table 2. Bond Distances, Binding Energy, Magnetic Moment Per Cell, and Total Energy Diﬀerence of Polarized and
Unpolarized States for Core (s = 3, 4, and 5) Sitesa
N = 45 N = 57 N = 61
s dSi−TM (Å) Eb (eV) μ (μb) ΔE (eV) dSi−TM (Å) Eb (eV) μ (μb) ΔE (eV) dSi−TM (Å) Eb (eV) μ (μb) ΔE (eV)
Ti 3 2.45−2.78 3.65 0.00 0.00 2.44−2.84 3.86 0.00 0.00 2.42−2.85 3.95 0.00 0.00
4 2.45−2.78 3.65 0.00 0.00 2.47−2.80 3.75 0.00 0.00 2.45−2.79 3.72 0.00 0.00
5 2.45−2.83 3.72 0.00 0.00 2.48−2.73 3.57 0.00 0.00 2.47−2.79 3.78 0.00 0.00
V 3 2.44−2.73 3.20 2.52 0.08 2.42−2.80 3.33 1.36 0.03 2.39−2.78 3.39 1.40 0.02
4 2.44−2.73 3.20 2.52 0.08 2.43−2.76 3.24 1.67 0.03 2.42−2.77 3.28 1.32 0.09
5 2.41−2.79 3.19 1.41 0.02 2.46−2.79 3.19 2.42 0.12 2.40−2.80 3.21 2.05 0.03
Cr 3 2.45−2.75 1.78 4.00 0.40 2.42−2.79 1.78 3.61 0.25 2.41−2.81 1.89 3.46 0.27
4 2.45−2.75 1.78 4.00 0.40 2.45−2.76 1.79 3.82 0.34 *2.44−2.80 *1.83 *4.00 *0.34
5 2.43−2.78 1.73 4.00 0.33 2.47−2.70 1.77 4.00 0.38 2.32−2.46 1.91 4.00 0.38
Mn 3 *2.37−2.39 *1.45 *3.00 *0.62 2.40−2.79 2.18 3.00 0.47 2.39−2.81 2.22 3.00 0.39
4 *2.32−2.38 *1.54 *3.00 *0.60 2.42−2.77 2.14 3.00 0.45 *2.33−2.37 *1.49 *3.00 *0.35
5 2.40−2.79 2.09 3.00 0.52 2.44−2.69 2.06 3.00 0.36 *2.31−2.38 *1.61 *3.00 *0.32
Fe 3 *2.26−2.38 *2.74 *2.00 *0.44 2.38−2.77 3.41 2.00 0.38 2.36−2.81 3.44 2.00 0.28
4 *2.26−2.39 *2.84 *2.00 *0.40 2.39−2.76 3.38 2.00 0.34 *2.27−2.37 *2.81 *2.00 *0.41
5 2.38−2.78 3.34 2.00 0.45 2.42−2.69 3.35 2.00 0.27 *2.26−2.39 *2.89 *2.00 *0.29
Co 3 *2.28−2.34 *3.60 *1.00 *0.06 2.36−2.79 3.92 1.00 0.07 2.37−2.89 4.02 1.00 0.03
4 *2.28−2.33 *3.68 *1.00 *0.02 2.37−2.82 3.94 1.00 0.06 2.37−2.89 3.64 1.00 0.04
5 2.37−2.75 3.85 1.00 0.08 2.42−2.70 3.95 1.00 0.05 *2.28−2.34 *3.83 *1.00 *0.03
aResults indicated by “*” correspond to hexagonal symmetry. (See the text.)
Figure 4. Binding energy trend with respect to type of transition-metal atoms (Ti, V, Cr, Mn, Fe, and Co) in H-SiNW(N) for N = 45, 57, and 61 for
the sites 1, 2 (subsurface), and 5 (core).
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Figure 5. Electronic band structures of H-SiNW(N)+TM at site (1) for N = 45,57, and 61 and TM = Ti, V, Cr, Mn, Fe, and Co. Solid and dotted
lines indicate spin up and down states, respectively.
Figure 6. Electronic band structures of H-SiNW(N)+TM at site (2) for N = 45, 57, and 61 and TM = Ti, V, Cr, Mn, Fe, and Co. Solid and dotted
lines indicate spin up and down states, respectively.
Figure 7. Electronic band structures of H-SiNW(N)+TM at site (4) for N = 45, 57, and 61 and TM = Ti, V, Cr, Mn, Fe, and Co. Solid and dotted
lines indicate spin up and down states, respectively.
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magnetic moments, μ, vary depending on both the type of TM
and the doping site, as listed in Tables 1 and 2.
Using the energy diﬀerence between ferromagnetic and
antiferromagnetic states, we can roughly estimate the Curie
temperature (TC) in the mean ﬁeld approximation. Accord-
ingly, we considered H-SiNW(45)+TM as the prototype and
calculated TC to be ∼600, 900, and 400 K, for Cr, Mn, and Fe,
respectively, which suggests that the ferromagnetic state should
be stable over room temperature. In contrast, TC for V and Co
is ∼50 K, which shows that they can have ferromagnetic ground
state only at very low temperatures. Finally, Ti yields
paramagnetic ground state even at 0 K. When the trend of
TC is compared with the unpaired d electrons (d
un) of TM
dopants, a strong relation can be noticed. When dun = 2 (Ti),
TC = 0 (in other words paramagnetic); d
un = 3 (V, Co), TC ≃
50; dun = 4 (Fe), TC ≃ 400; and dun = 5 (Cr and Mn), TC > 600.
Accordingly, we can conclude that the stability of ferromagnetic
state is mainly determined by the number of unpaired d states.
Electronic Structure. Our calculations reveal that
electronic structures are strongly aﬀected by the type of TM
atoms, doping site, and also cross section of H-SiNW(N). The
resulting band structures for subsurface (s = 1, 2) and core sites
(s = 4, 5) are shown in Figures 5−8. Depending on the
conﬁguration, the ground state can be paramagnetic or
ferromagnetic, and the electronic structure can be metal,
semiconductor, semimetal, or half-metal.20,21
If we analyze the systems one-by-one, then the H-
SiNW(N)+Ti conﬁguration is a paramagnetic metal for all
considered systems. Interestingly, for V at site (1), the
nanowires become half-metal, metal, and semimetal for N =
45, 57, and 61, respectively, and this indicates the eﬀect of cross
section on the electronic structure. The half-metallic state is
also noticed for N = 57 at site (2), and for all other doping sites
(s = 3−5), the system is ferromagnetic metal with varying
magnetic moment. Cr and Mn behave very similarly. The
nanowires are, in general, ferromagnetic metal for subsurface
sites, and they become half-metallic for core regions. Excep-
tionally, H-SiNW(61)+Cr(4) and H-SiNW(61)+Mn(4,5) are
ferromagnetic semiconductors because TM is bound to
hexagonal site instead of cage conﬁguration (Figure 3). For
Fe, all H-SiNWs are ferromagnetic semimetal at site (1), but
they become ferromagnetic semiconductor for all other sites
including hexagonal doping site. Finally, for Co, all H-SiNWs
are paramagnetic metal at site (1) and become half-metal or
ferromagnetic semiconductor for core regions.
Combining the results from the previous sections we can
conclude that: (i) The energetics of binding are almost identical
at core sites for diﬀerent types H-SiNWs, but the variation is
noticed for subsurface sites due to surface eﬀects. (ii) The trend
of Eb follows Friedel model
53 independent of H-SiNW type and
binding site. (iii) The electronic ground state of H-SiNW-
(N)+TM is mainly determined by the type of (or the d-electron
conﬁguration of) TM dopants but can also diﬀer for the same
TM depending on the doping site and geometry. (iv) TM
doping generally induces metallization (either paramagnetic or
ferromagnetic) except for the case of Fe. H-SiNW(N)s still
remain semiconducting after Fe doping with varying electronic
band gap. The semimetallic behavior of H-SiNW(N)+Fe(1) is
an exceptional case and will be further discussed in the next
section. (v) H-SiNW(N)+(Cr, Mn) systems are, in general,
ferromagnetic metal for subsurface sites, and they start to
possess novel half-metallic behavior for core sites. (vi)
However, H-SiNW(N)+V and H-SiNW(N)+Co also have
half-metallic ground state for speciﬁc cases; they are
ferromagnetic only at very low temperatures, which makes
them practically paramagnetic metals. Accordingly, stable half-
metallic ground state is unique to Cr and Mn, where all of the
d-electrons are unpaired. (vii) When Mn and Cr are settled in
the center of silicon hexagonal plane, dSi−TM becomes equal for
all six nearest silicon atoms, and it leads to diﬀerent
hybridization of p (that belongs to H-SiNW) and d orbitals
(that belong to TM), which makes the systems semiconductor
instead of half-metal. However this conﬁguration is energeti-
cally less favorable when compared with cage geometry but can
be stable.
Evolution with Dopant Concentration. All previous
calculations have been performed at a ﬁxed doping concen-
tration corresponding to a distance between impurities of 5.4 Å.
Even if our aim is not speciﬁcally to determine shallow impurity
levels, it is interesting to clarify the range of interaction between
TM atoms and the way the properties evolve with the distance
between impurity atoms. To that end, we now consider the
prototype H-SiNW(45)+Cr(5) case and increase the supercell
size along [001] direction from n = 1 up to n = 5 unit cell of
Figure 8. Electronic band structures of H-SiNW(N)+TM at site (5) for N = 45, 57, and 61 and TM = Ti, V, Cr, Mn, Fe, and Co. Solid and dotted
lines indicate spin up and down states, respectively.
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nanowires, so increasing the distance between impurity up to
27 Å and decreasing the doping concentration to 0.3%.
The results of our analysis are summarized in Table 3. The
bond length and magnetic moments are essentially not aﬀected
by the supercell size. As expected, Eb slightly increases with n
owing to the reduction in TM−TM interaction (which
enhances TM-SiNW interaction) but is already converged for
n = 2. The same kind of evolution has been obtained for other
impurities.56
Similar trends are observed in the band structures shown in
Figure 9. Dispersionless impurity levels rapidly emerge and can
be observed starting from n = 4 or 5, corresponding to
distances on the order of 20−25 Å between Cr atoms. Both
valence and conduction band edges belong to minority spin
states, indicating half-metallic nature of the system.
■ SUBSTITUTIONAL TRANSITION-METAL DOPING
Even though we mainly focus on interstitial impurities, we also
consider substitutional doping for all types of impurities at one
subsurface and one core site (site 1 and 5) of H-SiNW(61).
The results are summarized in Tables 4 and 5. Our results
indicate that TM atoms can also substitute Si atoms without
deforming H-SiNW. For all impurities, the subsurface
substitution is more favorable energetically than the core one.
dSi−TM changes between 2.1 and 2.8 Å, slightly shorter than the
interstitial counterpart. Whereas TM atoms at the subsurface
site have six- to seven-fold coordinations, they have four-fold
coordinations at the core site. Instead of Eb we deﬁned
formation energy (Ef) for substitutional impurities, and it is
expressed as
μ
μ
= ‐ + − ‐
+ −
E E N N[H SiNW( )] [TM] E [H SiNW( )
TM] [Si]
f T T
(2)
in terms of the total energy of optimized H-SiNW(N) and H-
SiNW(N)+TM and chemical potential of TM and Si atoms
taken from the total energy of the string of TM atoms having
the same lattice parameter as H-SiNW(N)+TM and total
energy of Si atom in SiNW. The negative value of Ef indicates
the requirement of energy for such kind of substitution. It
should also be noted that |Ef| is larger for the core case,
indicating a larger energy requirement for core substitution.
The variation magnetic properties follow a similar trend when
compared with the interstitial doping except for Fe. Whereas Fe
interstitial doping results in a ferromagnetic ground state, it
yields a paramagnetic ground state for substitutional doping.
Electronic structure also varies depending on the type of
impurity and site of substitution. The resulting band structures
are shown in Figures 10 and 11. A similar electronic structure
proﬁle is obtained for interstitial and substitutional doping of
Fe and Co cases. Wherease interstitial doping of Ti, Cr, and Mn
yields metallic state, H-SiNW(61) becomes semiconductor
upon substitutional doping of the same atoms. The half-metallic
state that formed for interstitial doping of Cr, Mn, and Co at
the core site is not obtained for the substitutional case except
for V doping.
■ HYBRID FUNCTIONALS AND GGA+U
It is well known that the usual approximations to DFT, such as
LDA or GGA, lead to signiﬁcant underestimation of the band
gaps due to intrinsic failure in handling self-interactions.50 GW
corrections57 appeared as a powerful tool to overcome this
problem and were recently applied to silicon nanowires.15,58
Unfortunately, such GW calculations are computationally very
costly, and it is diﬃcult to apply this technique on large
Table 3. Bond Lengths, Binding Energy, Magnetic Moment
Per Cell, Total Energy Diﬀerence of Polarized, and
Unpolarized States for 1 to 5 Unit Cells of H-SiNW(45)+Cr
at Site (5)
size dSi−TM (Å) Eb (eV) μ (μb)
1 2.43−2.78 1.726 4.00
2 2.43−2.78 1.810 4.00
3 2.43−2.78 1.813 4.00
4 2.43−2.78 1.809 4.00
5 2.43−2.78 1.811 4.00
Figure 9. Electronic band structures of H-SiNW(61)+Cr site (5) for
unit cell size 1−5. Solid and dotted lines indicate spin up and down
states, respectively.
Table 4. Bond Distances, Formation Energy, Magnetic
Moment Per Cell, and Total Energy Diﬀerence of Polarized
and Unpolarized States of H-SiNW(61)+TM System for
Subsurface Substitution
dSi−TM (Å) Ef (eV) μ (μb) ΔE (eV)
Ti 2.49−2.75 −2.01 0.00 0.00
V 2.28−2.45 −1.16 0.00 0.00
Cr 2.36−2.76 −2.65 2.00 0.40
Mn 2.21−2.70 −1.74 1.71 0.15
Fe 2.14−2.64 −1.58 0.00 0.00
Co 2.18−2.63 −1.30 0.00 0.00
Table 5. Bond Distances, Formation Energy, Magnetic
Moment Per Cell, Total Energy Diﬀerence of Polarized, and
Unpolarized States of H-SiNW(61)+TM System for Core
Substitution
dSi−TM (Å) Ef (eV) μ (μb) ΔE (eV)
Ti 2.51 −2.93 0.00 0.00
V 2.43 −2.55 1.00 0.20
Cr 2.40 −3.42 2.00 0.64
Mn 2.38 −2.86 3.00 0.56
Fe 2.25 −2.67 0.00 0.00
Co 2.24 −2.37 0.47 0.02
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systems. Moreover, GW corrections are performed on the
frozen structure and do not allow for self-consistent structural
relaxations.
Alternatively, calculations using hybrid functionals,59 which
basically combine Hartree−Fock and DFT, usually provide
improved electronic properties compared with DFT, although
they are often less accurate for structural properties. Hybrid
calculations are less costly than GW corrections and also allow
for structural relaxations. Hybrid functionals were used to
calculate the electronic structure of carbon nanotubes60−63 and
graphene nanoribbons64 and yield good agreement with
experimental data. More recently, Rurali et al.19 also applied
hybrid functionals to silicon nanowires to determine accurately
electronic band gap for varying diameter and orientation.
In this section, we compared the results obtained in the
previous sections with those obtained by using B1-WC hybrid
functional. We applied this technique only to speciﬁc cases,
such as H-SiNW(45)+Fe at site (1), which is a ferromagnetic
semimetal, H-SiNW(45)+Fe at site (5), which is a
ferromagnetic semiconductor, and H-SiNW(45)+Cr (which is
very similar to H-SiNW(45)+Mn) at site (5), which is a half-
metal, and compare the results obtained with GGA and GGA
+U37 calculations as shown in Figure 12.
When B1-WC is used, the band structure of H-
SiNW(45)+Fe at site (1) is altered and becomes semi-
conductor instead of semimetal. Similar band proﬁle with a
smaller band gap is also obtained when the Hubbard-U (U = 3
eV) term is considered for the strong on-site 3d electron−
electron interactions on Fe. Similar results are obtained for H-
SiNW(45)+Fe at site (5). The system remains to be
semiconducting, but band gap signiﬁcantly increases when
compared with GGA results. Accordingly, we conclude that
semimetallic behavior of H-SiNW(N) is an artifact of DFT at
the GGA level and H-SiNW remains semiconducting with a
modiﬁed band gap upon Fe doping for both subsurface and
core sites.
The novel half-metallic ground state of H-SiNW(45)+Cr at
site (5) is preserved by B1-WC and also when the U term is
introduced. Interestingly, the dispersive metallic spin state (↑)
is not aﬀected by either approach, but the band gap for the
insulating spin state (↓) is modiﬁed. In other words, half-
metallic ground states obtained at the DFT-GGA level20,21 are
even more stable than predicted.
Figure 10. Electronic band structures of H-SiNW(N)+TM at site (1)
for N = 45, 57, and 61 and TM = Ti, V, Cr, Mn, Fe, and Co. Solid and
dotted lines indicate spin up and down states, respectively.
Figure 11. Electronic band structures of H-SiNW(N)+TM at site (5)
for N = 45, 57, and 61 and TM = Ti, V, Cr, Mn, Fe, and Co. Solid and
dotted lines indicate spin up and down states, respectively.
Figure 12. Electronic band structures of H-SiNW(45)+Fe at site (1),
HSiNW(45)+Fe at site (5), and H-SiNW(45)+Cr at site (5) obtained
by B1-WC and GGA+U calculations. Solid and dotted lines indicate
spin up and down states, respectively.
The Journal of Physical Chemistry C Article
dx.doi.org/10.1021/jp303142u | J. Phys. Chem. C 2012, 116, 15713−1572215720
Finally, the results indicate that B1-WC not only is capable of
correcting the underestimated electronic band gaps but also can
handle strong on-site d electron−electron interactions without
introducing Hubbard-U term, being a good alternative to
LDA(GGA)+U for strongly correlated systems65,66
■ CONCLUSIONS
We analyzed the structural, electronic, and magnetic properties
of hydrogen-saturated silicon nanowires with interstitial as well
as substitutional transition-metal doping. We found that the
electronic and magnetic ground state is mainly determined by
the type of (or d-electron conﬁguration of) transition-metal
atom, it can also be aﬀected by doping type/site and cross
section (surface eﬀects) of silicon nanowire. Upon interstitial
transition-metal doping, there is a tendency for metallization,
except for the case of Fe. Even novel half-metallic conﬁguration
can be obtained for speciﬁc cases, and a diﬀerent electronic
structure proﬁle can be obtained for substitutional doping. The
stability of ferromagnetic ground state and energetics of binding
are inversely proportional and depend on the number of
unpaired 3d-electrons following the Friedel model. The
obtained results are also compared with those calculated
using a new type of hybrid functional (B1-WC) to clarify the
limitations of DFT at GGA level and also to ﬁnd out the
capabilities of B1-WC. We believe that our detailed analysis will
guide both experimental and theoretical studies related to
doping of silicon nanowires and other systems; moreover,
present results hold promise for the use of silicon nanowires in
various spintronic applications upon transition-metal doping as
a new type of dilute magnetic semiconductor.
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